The increasing performance of organic semiconductors over the past decades has increased the technological interest in these materials, and vice versa. Considerable efforts notwithstanding, fundamental aspects of the charge transport in organic semiconductors are still the subject of debate. This holds, in particular, for the question to which extent the mobility, and its temperature and charge carrier density dependence, should be interpreted in terms of bandlike conduction. Because of energetic disorder, charge transport in organic semiconductors is often described within the framework of strong localization as developed by Anderson and Mott [1, 2] . Anderson showed that in the presence of sufficiently strong static energetic disorder, localized tail states develop below a so-called mobility edge which separates them from delocalized states that are expected to dominate the charge carrier transport [1] . Later, Mott demonstrated that charge transport can also result from hopping processes between localized sites [2, 3] . In organic semiconductors this picture is further complicated. Because of weak intermolecular bonding, thermally driven molecular vibrations give rise to significant dynamic disorder that limits the charge carrier mobility even in high-purity crystalline organic semiconductors where static disorder is minimized [4, 5] . In these crystalline organic semiconductors these vibrations freeze-out at low temperature, giving rise to an increased mobility [6, 7] .
Polycrystalline and amorphous organic semiconductors behave differently. The increasing mobility with increasing temperature and charge density typically observed for these materials can be described in terms of either the mobility edge (ME) or multiple trapping and release model [8] [9] [10] , or by the variable range hopping (VRH) model, [11] [12] [13] . The ME model implies bandlike conduction, the VRH model does not.
In this Letter we measure the Seebeck coefficient of polycrystalline pentacene in a thin film transistor (TFT) configuration. The Seebeck coefficient shows a remarkable increase with increasing charge carrier density, originating from a transition from hopping to bandlike conduction.
The simultaneously measured charge carrier mobility increases with temperature and charge carrier density, but shows no noticeable signatures associated with the hopping to bandlike transport transition.
Several techniques can be used to investigate charge carrier transport in organic semiconductors [14] . Here we employ thermoelectric measurements which so far have hardly been applied to undoped organic semiconductors [15, 16] . In particular, we measure the Seebeck coefficient of pentacene in a TFT configuration as a function of temperature and gate bias. By tuning the gate bias, we control the charge density and Fermi level E F in pentacene. The Seebeck coefficient [17] 
is determined by the difference between E F and the energy E of the transporting states, i.e., the heat transported by the charge carriers. It therefore gives very direct insight in the energetics of the dominant charge transport processes. In (1), ðEÞ is the conductivity distribution function, T the temperature, and e the charge of the carrier. For bandlike transport within the ME model, where the current is carried by charges that are thermally excited over the mobility edge at energy E C as illustrated in Fig. 1(a) , Eq.
(1) reduces to [17] :
log DOS log DOS log DOS 
with
where
In (2), the second term on the right-hand side accounts for excitations beyond the band edge and is typically 1%-20% of S ME . Similarly, within the VRH model, where the transport is assumed to be dominated by a characteristic hop from the equilibrium energy to a relatively narrow transport energy E Ã [18] as illustrated in Fig. 1(b) , Eq. (1) becomes
The usual behavior for the Seebeck coefficient is to decrease with increasing charge carrier density [19] . For bandlike transport, Eq. (2), this is explained by the Fermi level shifting towards the band edge. Likewise, for hopping transport, Eq. (3), E F also shifts upward. Concomitantly, the number of unoccupied states near the Fermi level increases and consequently the transport energy E Ã comes to lay closer to the Fermi level. To test this experimentally, we measured the Seebeck coefficient of pentacene in a TFT.
TFTs were built on a p þ -Si wafer, used as a gate, with 100 nm of thermally grown SiO 2 and an additional spin coated layer of 130 nm Cytop (an amorphous fluoropolymer available from Asahi Glass Company) as gate dielectric. The pentacene layer was deposited by thermal evaporation at 0:4 # A=s in a high vacuum system. Au source and drain top contacts are subsequently thermally deposited through a shadow mask to define the $80 m long and $8 mm wide channel. Electrical characterization and Seebeck measurements were performed in a high vacuum probe station. The Seebeck coefficient at given temperature and gate bias was determined by linear fitting of the thermovoltage to ÁV ¼ SÁT, where the temperature difference ÁT across the channel of the TFT is generated by two Peltier elements.
By bringing the gate bias V g to more negative potential, the charge density in the pentacene TFT is increased and Fig. 2 shows that at room temperature this indeed results in the expected decrease of S. Similar behavior was previously observed by Pernstich et al. and interpreted in terms of a ME model [15] . The room temperature behavior of S, i.e., to decrease with increasing hole density, is consistent with transport that is dominated by static energetic disorder. As explained above, depending on the model used, the decrease is explained by the shift of E F to either the band edge E C or the transport level E Ã . The (positive) sign of S is consistent with p-type transport. Surprisingly, when decreasing the temperature to below room temperature, we see an increase of S with increasing charge carrier density at T ¼ 250 K and even more pronounced at T ¼ 200 K. Clearly, such an increase in S cannot be explained using VRH or ME alone, as both predict a strictly monotonously decreasing density dependence.
Enhancement of the Seebeck coefficient at lower temperatures could in principle be due to phonon drag effects which are typically observable below roughly a quarter of the Debye temperature T D [20] . Since T D is in the range 125-216 K in pentacene [21, 22] , the onset of possible phonon drag effects is expected at far lower temperatures than observed.
To explain the increase of S with charge carrier density we developed a simplified hybrid model that incorporates both VRH and ME transport. It accounts for the contributions to the charge and energy transport by two processes that are treated as independent: VRH-type processes that occur within an exponential tail of localized states and transport by charges that are thermally excited to bandlike states above a mobility edge. For this model the density of states (DOS) and transport parameters are determined by fitting to the temperature dependent field-effect mobility measured on the same sample (Fig. 3) .
As indicated in Fig. 1(c) the DOS is simplified to a single exponential trap tail below the mobility edge and a constant density of extended states above E C ,
where n 0 is divided by k B T 0 for dimensional reasons. The number of charge carriers above E C , n free , follows from the Fermi-Dirac distribution. The exact shape of the DOS above E C can have some influence on the charge transport; PRL 2012 016601-2 however the small contribution of the second term A in Eq. (2) shows that this is usually of relatively minor importance. The conductivity in the ME part of the model is calculated as ME ¼ en free free ðTÞ, with free the band mobility. In order to account for the inherently large thermal lattice fluctuations in molecular semiconductors we assume free to follow a power law dependence on temperature: [4, 5, 7] free ðTÞ ¼ 0 T Àm :
The VRH part is described by the Mott-Martens model that assumes transport to be dominated by hops from the Fermi level to the transport level E Ã [11, 23] . The position of this level and the typical hopping distance R Ã are connected via a percolation argument [11, 20] 20] , with the inverse localization length, k B the Boltzmann constant, and 0 the conductivity prefactor. This implementation of the VRH part is essentially identical to that of Ref. [13] . The total conductivity of the hybrid model is simply the sum of the ME and VRH contributions, viz., hyb ¼ ME þ VRH . Consistent with Eq. (1), the Seebeck coefficient of the hybrid model is calculated as the conductivity-weighted average of the two contributing transport channels:
The mobility measurements and the fitting results are shown in Fig. 3 ; the used parameters are given in Table I . No distinctive features are visible. The mobility increases with increasing (negative) gate bias and decreases with decreasing temperature. Both are consistent with earlier observations for polycrystalline pentacene [12] and suggest (static) energetic disorder dominated transport over the entire measurement range. Unsurprisingly, bare VRH and ME models give rather accurate fits to the mobility data (see Supplemental Material Figs. S3-S6 [24] ). The somewhat better fit quality of the hybrid model could, in the case of the mobility data, also be attributed to the larger number of free parameters. In Fig. 3(b) , the measured mobility might seem to show a slightly different activation behavior above and below 260 K, which is around the transition temperature in the Seebeck behavior, but the effect is too small to make definitive statements. The calculated curves in Fig. 3(b) do show a slight bend which is due to the changing ratio of VRH = ME . The corresponding Seebeck coefficients are shown as lines in Fig. 2 . Although the agreement with experiment is only qualitative, the characteristic features are well reproduced. In particular, the 200 K curve reproduces the unusual increase in the Seebeck coefficient curve beyond a gate bias of À10 V. The increase is explained by a shift from entirely hopping-dominated conduction at low gate bias to conduction in which bandlike states above the mobility edge play an important role. This is illustrated in Fig. 4 .
At 200 K the heat transported at the mobility edge (E C À E F ) and the heat transported at the transport level (E Ã À E F ) both decrease with increasing charge carrier a The mobility prefactor 0 , and density of bandlike states above the mobility edge, n 0 , are fitted as the product of the two because of their interdependence.
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016601-3 density, accounting for the downward trends in S ME and S VRH in Fig. 4(a) . With increasing density the Fermi level moves towards the band edge. Since E Ã does, and E C does not shift up with E F , the relative contribution from hopping conduction goes down, as is shown by the ratio VRH = ME in Fig. 4(b) . Consequently, the weight-averaged Seebeck coefficient S hyb shifts from the S VRH curve at small gate bias up towards S ME for large gate bias. The relatively large value of S ME at lower temperatures follows from Eq. (2) and the temperature independence of E C . In contrast, E Ã decreases with T, making S VRH , Eq. (3), relatively temperature independent (see also Figs. S1 and S2 in [24] ).
A remarkable consequence of these observations is that in the investigated temperature window, and at higher charge densities (V g À V th < À20 V), the contribution of VRH to the total conductivity actually decreases with decreasing temperature. The opposite would be expected from VRH hopping theory when applied to an energetically disordered inorganic semiconductor [3] . In the present system, due to the freezing-out of molecular vibrations in the pentacene, the band mobility free increases strongly at lower T, shifting the balance in the charge transport to bandlike conduction despite the increasing energetic penalty for thermal activation over the mobility edge. The temperature dependence of the band mobility, free ðTÞ ¼ 0 T À6 that is plotted in the inset of Fig. 4(b) is, for the presently probed temperature window, not unrealistic in view of the calculations by Ortmann et al. [25] It is, however, rather strong in comparison to experimental observations on p-and n-type single crystal devices [26] [27] [28] [29] [30] . However, in the latter case typically the effective mobility is probed, which can be substantially below the free mobility due to the fact that only a fraction of the carriers contributes to the actual transport [7, 28, 29] . We have therefore plotted the product free Á n free in the inset to Fig. 3(a) . Interestingly, the curve first shows an increase in mobility followed by a (stronger) decrease with decreasing temperature. Such behavior has been observed on a number of single crystal organic field-effect transistor devices [26, 27, 29, 30] and was actually interpreted in terms of a ME model that is similar to what is used here [29, 30] . More details can be found in Figs. S7 and S8 of the Supplemental Material [24] .
Summarizing, we have shown that at lower temperatures the Seebeck coefficient in a pentacene thin film transistor displays an unusual increase with increasing gate bias. The increase is explained by a transition from variable range hopping-dominated transport at low gate bias to more pronounced bandlike transport at high gate bias. A simplified hybrid model that accounts for both types of charge transport gives a qualitative description of the observed thermoelectric behavior. These findings confirm that charge transport in polycrystalline organic semiconductors can simultaneously be affected by two types of disorder: static energetic disorder resulting from, e.g., charges in the gate dielectric [31, 32] , and dynamic positional disorder driven by molecular vibrations. Finally, the temperature and density dependence of the simultaneously measured charge carrier mobility shows no notable features, making it hard, if not impossible, to distinguish transport models on the basis of such data alone. This research is supported by the Dutch Technology Foundation STW, which is the applied science division of NWO, and the Technology Programme of the Ministry of Economic Affairs (VIDI Grant No. 07575). The ratio of the VRH and the ME contributions to the conductivity vs gate bias for different temperatures. The inset shows the temperature dependent band mobility free assuming n 0 ¼ 10 27 m À3 for the DOS above E C .
